Introduction
============

Isocitrate dehydrogenase 1 (IDH1) catalyzes the oxidative decarboxylation of isocitrate to α-ketoglutarate (α-KG) and generates NADPH from NADP^+^. Genome-wide analysis has demonstrated that \~12% of patients with glioblastoma multiforme exhibit mutations in the IDH1 gene ([@b1-ol-0-0-11148]). In addition, \>70% of World Health Organization grade II--III and secondary gliomas carry heterozygous missense mutations at the IDH1 codon 132, and the majority of the mutations are arginine to histidine substitutions (IDH1-R132H) ([@b2-ol-0-0-11148]--[@b4-ol-0-0-11148]). The residue encoded by codon 132 of the IDH1 gene is crucial for the formation of the isocitrate binding site; thus, the R132H mutation enables neomorphic catalytic activity, by which α-KG is converted to the putative oncometabolite R-2-hydroxyglutarate (2-HG). The reduced bioavailability of α-KG and supraphysiological levels of 2-HG inhibit DNA and histone demethylation and promote malignant transformation through reshaping the epigenetic and transcriptional landscape ([@b5-ol-0-0-11148],[@b6-ol-0-0-11148]). In addition, as IDH1 is one of the rate-limiting enzymes in the tricarboxylic acid cycle, IDH1 mutations elicit global metabolic reprogramming ([@b7-ol-0-0-11148],[@b8-ol-0-0-11148]). Despite the oncogenic role of IDH1 mutations, prospective studies have demonstrated that patients with brain tumor harboring IDH1 mutations exhibit more favorable prognosis and are more responsive to clinical treatment compared with those with wild-type (WT) IDH1 ([@b9-ol-0-0-11148]--[@b11-ol-0-0-11148]). The detailed mechanisms of the roles of the IDH1-R132H mutation remain to be fully determined.

The prevalence and prominence of IDH1 mutations makes them a highly attractive focus of research to clarify the molecular mechanisms underlying the biological behavior of glioma cells and to develop novel targeted therapeutics ([@b4-ol-0-0-11148],[@b12-ol-0-0-11148]). The IDH1-R132H mutation is an early event in gliomagenesis ([@b13-ol-0-0-11148]); however, once the malignant transformation is complete, glioma cell proliferation does not rely on IDH1-R132H, which implicates that the role of IDH1-R132H diminishes during this process ([@b14-ol-0-0-11148]). Since radiotherapy represents an indispensable therapeutic approach for patients with glioma, one feasible method to enhance its therapeutic benefits is to overcome the radioresistance of glioma cells. IDH1-R132H is considered to be a radiosensitizing gene based on its ability to catalyze the oxidation of NADPH to NADP^+^, whereas IDH1-WT reduces NADP^+^ to NADPH. The decreased generation of NADPH may inhibit the production of glutathione, resulting in increased levels of reactive oxygen species (ROS) induced by ionizing radiation (IR) exposure and more DNA double-strand breaks (DSBs) ([@b15-ol-0-0-11148]--[@b17-ol-0-0-11148]).

Our previous studies demonstrated the radiosensitization of glioma cells by knockdown of TP53-induced glycolysis and apoptosis regulator (TIGAR) ([@b18-ol-0-0-11148],[@b19-ol-0-0-11148]). TIGAR is a p53 target gene that functions as a fructose 2,6-bisphosphatase to decrease the levels of fructose 2,6-bisphophate, which leads to allosteric inhibition of phosphofructokinase 1 activity ([@b20-ol-0-0-11148]). By directing the metabolic flux from glycolysis to the pentose phosphate pathway (PPP), TIGAR serves an important role in the regulation NADPH production. Gene set enrichment analysis and metabolic profiling have revealed elevated levels of glycolysis and reduced oxidative phosphorylation in IDH1-R132H-mutated U87MG cells compared with IDH1-WT ([@b21-ol-0-0-11148]). Therefore, it was hypothesized that IDH1-R132H may be associated with the regulation of TIGAR functions and consequently mediate the cytotoxic effects of IR on glioma cells. The present study aimed to investigate the radiosensitizing effects of IDH1-R132H on U87MG cells and U87MG glioma stem-like cells (GSCs).

Materials and methods
=====================

### Cell culture and irradiation

Human malignant glioma U87MG cells (ATCC; Cat. no. HTB-14; glioblastoma of unknown origin) and T98G cells (ATCC; Cat. no. CRL-1690; glioblastoma multiforme) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, Hyclone; GE Healthcare Life Sciences) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences), 100 µg/ml streptomycin and 100 U/ml penicillin (Hyclone; GE Healthcare Life Sciences) at 37°C in a humidified atmosphere containing 5% CO~2~. The cell lines were authenticated by short tandem repeat profiling. For enrichment of U87MG-GSCs, U87MG cells were cultured in DMEM/F12 supplemented with B27 Plus Supplement (Invitrogen; Thermo Fisher Scientific, Inc.), 20 ng/ml epidermal growth factor (EGF; PeproTech, Inc.) and basic fibroblast growth factor (bFGF; PeproTech, Inc.) as previously described ([@b22-ol-0-0-11148]). The culture flasks were coated with 10 µg/ml laminin (Sigma-Aldrich; Merck KGaA) and incubated at 37°C for 3 h prior to use. At 90% confluence, the cells were dissociated by Accutase (Merck KGaA) and subcultured at 1:3-5 in fresh laminin-coated flasks. Cells were cultured for 10 passages, then 1×10^6^ cells were washed and suspended in 100 µl PBS, and incubated for 30 min at 4°C with phycoerythrin-conjugated CD133 antibody (1:100, Thermo Fisher Scientific, Inc.; cat. no. 12-1338-42). U87MG-GSCs were sorted using a FACScalibur flow cytometer (BD Biosciences). Cells were irradiated with 160 kV X-ray at a dose rate of 1.18 Gy/min by a biological research irradiator (Rad Source Technologies).

### Construction of the IDH1-R132H plasmid and transfection

The wild-type (WT) IDH1 fragment was obtained by using Phusion High-Fidelity DNA Polymerase (New England BioLabs, Inc.). The forward primer was 5′-TACCGGACTCAGATCTCGAGCGCCACCATGTCCAAAAAAATCAGTGGC-3′ and the reverse primer was 5′-GATCCCGGGCCCGCGGTACCGTAAGTTTGGCCTGAGCTAGTTTG-3′. The thermocycling conditions were as follows: 1 cycle at 98°C for 30 sec; 35 cycles at 98°C for 10 sec, 60°C for 30 sec, 72°C for 40 sec; and 1 cycle at 72°C for 10 min. The fragment was then subcloned into the pCMV-GV230 vector (Shanghai GeneChem Co., Ltd.) between the *Xho*I and *Kpn*I sites, and IDH1 was tagged with green fluorescent protein. IDH1-R132H was generated from IDH1-WT using a Quick Change Site-Directed Mutagenesis kit (Stratagene; Agilent Technologies, Inc.) according to the manufacturer\'s instructions and confirmed by DNA sequencing. The pCMV--IDH1-R132H plasmid and the corresponding control empty vector were transfected by Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature. Subsequent experiments were performed 48 h after transfection unless otherwise stated.

### Western blot analysis

U87MG cells or U87MG-GSCs were transfected with pCMV--IDH1-R132H plasmid and/or treated with the selective IDH1-R132H inhibitor AGI-5198 (Selleck Chemicals) for 72 h at 37°C. Cells were lysed by RIPA buffer (Beyotime Institute of Biotechnology) on ice for 20 min and the protein concentration was measured by the BCA method. Cell lysate containing 20 µg protein were separated by 10% SDS-PAGE and electrically transferred to PVDF membranes. Non-specific binding was blocked by incubation with Tris-buffered saline containing 5% (w/v) bovine serum albumin (Beyotime Institute of Biotechnology) at room temperature for 1 h. The membranes were then incubated with primary antibodies against IDH1 and IDH1-R132H (1:1,000, Cell Signaling Technology, Inc.; cat. no. 3997), TIGAR (1:500, Abcam; cat. no. ab37910), histone H3 lysine 9 trimethylation (H3K9me3, 1:1,000, Abcam; cat. no. ab8898) and tubulin (1:2,000, Santa Cruz Biotechnology, Inc.; cat. no. sc-5286) at 4°C overnight. Membranes were then incubated with a horseradish peroxidase-conjugated goat anti-mouse or rat antibody (1:1,000, Beyotime Institute of Biotechnology; cat. no. A0216, A0192) at room temperature for 1 h. Tubulin was used as a loading control. Immunoblotting signals were detected using an enhanced chemiluminescence kit (Beyotime Institute of Biotechnology), according to the manufacturer\'s protocols. Densitometric analysis was performed by using ImageJ software 1.52 (National Institutes of Health).

### Clonogenic survival assay

U87MG cells or U87MG-GSCs were plated in triplicate into six-well plates and irradiated with different doses of X-ray (0.3×10^3^ cells for 0 Gy, 0.8×10^3^ cells for 2 Gy, 3×10^3^ cells for 4 Gy, 9×10^3^ cells for 6 Gy, 15×10^3^ cells for 8 Gy). Cells were subsequently cultured for 10 days, fixed with methanol at room temperature for 15 min and stained with 1% crystal violet at room temperature for 30 min. Colonies consisting of \>50 cells were counted. Plating efficiency (PE) was calculated as the ration of the number of colonies to the seeded cell number. Surviving fraction was calculated as PE(treated)/PE(control).

### Immunofluorescence analysis

U87MG-GSCs were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 for 10 min at room temperature. Immunostaining was performed using antibodies against glial fibrillary acidic protein (GFAP, 1:500 Abcam; cat. no. ab7260) or nestin (1:100, Beyotime; AN203) at 4°C overnight. For visualization of IR-induced foci, cells were irradiated with 4 Gy X-ray and cultured for 12 h prior to immunostaining with an antibody against phosphorylated histone H2A variant (γ-H2AX, 1:500, Abcam; cat. no. ab2893). Cell nuclei were stained with 4′6-diamidino-2-phenylindole (DAPI). Images were captured on Olympus FV1200 confocal microscopy at a magnification of ×200 in three random fields.

### Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed by using the ChIP Assay kit (Beyotime) and the aforementioned antibody against H3K9me3. U87MG cells were transfected with pCMV--IDH1-R132H for 72 h; subsequently, 37% formaldehyde was added directly to the homogenate of cultured cells at a final concentration of 1% followed by incubation for 10 min at 37°C to crosslink DNA and histones. Following extensive washing with ice-cold phosphate-buffered saline supplemented with 1 mM phenylmethysulphonyl fluoride, the cells were lysed using the ChIP Assay kit and sonicated for 4 cycles (10 sec on, 10 sec off) on ice to generate DNA fragments (200--1,000 bp). Following centrifugation at 12,000 × g for 5 min at 4°C, the supernatant was diluted 10-fold with ChIP dilution buffer and blocked with salmon sperm DNA/Protein A/G-agarose beads. Protein-DNA complexes were immunoprecipitated with 3 µg H3K9me3 antibody overnight at 4°C. A total of 5% of the extract was used for PCR amplification as the input control. Following recovery, the DNA fragments were purified and subjected to PCR amplification using Taq DNA polymerase (Beyotime Institute of Biotechnology). The primers for TIGAR promoter: Forward, 5′-CCTCATAGAACACAGTCTGTTGGTCG-3′ and reverse, 5′-AGTCCGCGGTAGGATTCCTT-3′. The thermocycling conditions were as follows: 1 cycle at 94°C for 3 min; 35 cycles at 94°C for 30 sec, 55°C for 30 sec, 72°C for 60 sec; and 1 cycle at 72°C for 10 min. The PCR products were separated by 2% agarose gel electrophoresis.

### The Cancer Genome Atlas (TCGA) data analysis

IDH1 mutation and TIGAR expression data were obtained from TCGA PanCancer Atlas and TCGA Provisional datasets from the cBioportal for Cancer Genomics (<http://www.cbioportal.org>) ([@b23-ol-0-0-11148],[@b24-ol-0-0-11148]). TIGAR mRNA expression was quantified by RNA-Seq using the Expectation Maximization (RSEM) method and converted to z-scores ([@b25-ol-0-0-11148]). The data were visualized as violin plots using the Python 3.6 (Python Software Foundation) plotting library Matplotlib 3.0.2 ([@b26-ol-0-0-11148]).

### Statistical analysis

Data are expressed as mean ± standard deviation. Analysis of differences between two groups was performed by Student\'s t-test. Comparisons of z-score values for TIGAR expression was performed by Wilcoxon rank-sum test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### IDH1-R132H increases the radiosensitivity of U87MG cells, but not U87MG-GSCs

The IDH1-R132H plasmid was transfected into U87MG cells, and expression of the mutated protein was confirmed by western blotting ([Fig. 1A](#f1-ol-0-0-11148){ref-type="fig"}). Clonogenic assays were performed to evaluate the survival fraction following exposure to different doses of X-ray; U87MG cells transfected with IDH1-R132H formed significantly fewer clones compared with the control groups, suggesting the radiosensitizing effects of IDH1-R132H on U87MG cells ([Fig. 1B](#f1-ol-0-0-11148){ref-type="fig"}). In addition, the radioresistance of another glioma cell line, T98G, was also suppressed by IDH1-R132H ([Fig. S1](#SD1-ol-0-0-11148){ref-type="supplementary-material"}).

GSCs are highly radioresistant and may be responsible for tumor recurrence following radiotherapy ([@b27-ol-0-0-11148],[@b28-ol-0-0-11148]); therefore, the potential impact of IDH1-R132H expression on U87MG-GSCs was investigated. U87MG cells were cultured in serum-free medium containing EGF, bFGF and B27 supplement on an adherent substrate, and CD133-positive U87MG-GSCs were isolated by fluorescence-activated cell sorting ([@b29-ol-0-0-11148]). Immunostaining demonstrated that U87MG-GSCs expressed lower levels of the differentiation marker GFAP, and higher levels of the stem cell marker nestin compared with untreated U87MG cells ([Fig. 1C](#f1-ol-0-0-11148){ref-type="fig"}). In contrast to U87MG cells, the radiosensitivity of U87MG-GSCs was unaltered when IDH1-R132H was expressed ectopically ([Fig. 1D and E](#f1-ol-0-0-11148){ref-type="fig"}). Additionally, in accordance with previous reports, the radioresistance of U87MG-GSCs was higher compared with that of U87MG cells ([Fig. 1B and E](#f1-ol-0-0-11148){ref-type="fig"}).

### IDH1-R132H suppresses repair of IR-induced DSBs in U87MG cells

DSBs are among the most dangerous DNA lesions induced by IR; thus, their formation and repair determine the fate of irradiated cells ([@b30-ol-0-0-11148]). DSBs were visualized by fluorescent staining of nuclear γ-H2AX, which forms microscopically discernible foci at DSB sites. As presented in [Fig. 2A](#f2-ol-0-0-11148){ref-type="fig"}, the majority of γ-H2AX foci in the control cells were resolved 12 h post-4 Gy X-ray irradiation, whereas a substantial fraction of IDH1-R132H-expressing U87MG cells retained γ-H2AX foci, suggesting inhibition of the DSB repair process. By contrast, no differences were observed in the IR-induced γ-H2AX foci in IDH1-WT- and IDH1-R132H-expressing U87MG-GSCs ([Fig. 2B](#f2-ol-0-0-11148){ref-type="fig"}).

### IDH1-R132H is associated with low TIGAR expression

To investigate the relationship between IDH1-R132H and TIGAR expression, IDH1 mutation status and TIGAR expression values were collected from TCGA. Analysis of two glioma studies (TCGA PanCancer Atlas and TCGA Provisional) revealed that 70.69% (357/505) and 69.86% (197/282) of patients with glioma, respectively, were IDH1-R132H-positive. Other minor types of IDH1 mutation at codon 132, such as histidine to glycine, serine or cysteine (R132G/S/C), were included as a consolidated group. Glioma samples with IDH1-R132H, as well as IDH2-R132G/S/C, exhibited significantly lower levels of TIGAR expression compared with IDH1-WT ([Fig. 3](#f3-ol-0-0-11148){ref-type="fig"}), which suggested that TIGAR may be one of the IDH1-R132H target genes.

### Epigenetic regulation of TIGAR expression by IDH1-R132H in U87MG cells

The downregulation of TIGAR expression by IDH1-R132H was confirmed by western blotting in U87MG and T98G cells ([Figs. 4A](#f4-ol-0-0-11148){ref-type="fig"} and [S1A](#SD1-ol-0-0-11148){ref-type="supplementary-material"}). When IDH1-R132H activity was repressed by the selective inhibitor AGI-5198, TIGAR expression was upregulated ([Fig. 4B](#f4-ol-0-0-11148){ref-type="fig"}), which suggested that the suppression of TIGAR expression may depend on IDH1-R132H. By contrast, IDH1-R132H ([Fig. 4A](#f4-ol-0-0-11148){ref-type="fig"}) or AGI-5198 ([Fig. S2](#SD1-ol-0-0-11148){ref-type="supplementary-material"}) treatment did not alter TIGAR expression in U87MG-GSCs. The involvement of IDH1-R132H in H3K9me3 modification has been reported to serve an important role in the malignant transformation of glioma ([@b14-ol-0-0-11148],[@b31-ol-0-0-11148]). Western blot analysis revealed increased levels of H3K9me3 in U87MG cells expressing IDH1-R132H compared with those expressing IDH1-WT ([Fig. 4B](#f4-ol-0-0-11148){ref-type="fig"}), and ChIP assays further demonstrated the augmentation of the inhibitory H3K9me3 markers at the TIGAR promoter ([Fig. 4C](#f4-ol-0-0-11148){ref-type="fig"}). These results indicated that IDH1-R132H may inhibit TIGAR expression by epigenetic silencing.

Discussion
==========

Fractionated radiotherapy is one of the major treatments for patients with glioma; however, the therapeutic effects are often undermined by the radioresistance of glioma cells ([@b32-ol-0-0-11148]). Of note, several studies have confirmed that tumor cells with IDH1-R132H are more susceptible to oxidative damage compared with IDH1 WT cells, thus exhibiting increased sensitivity to IR ([@b15-ol-0-0-11148],[@b16-ol-0-0-11148],[@b33-ol-0-0-11148]). Treatment with the IDH1-R132H inhibitor AGI-5198 exhibits protective effects against IR-induced damage in IDH1-R132H-mutated cells ([@b34-ol-0-0-11148]). These findings indicated that a better understanding of the functional consequences of IDH1-R132H may help determine the mechanism underlying the radiosensitization of glioma cells. In the present study, the radiosensitizing effects of IDH1-R132H, as well as the inhibitory effects on DSB repair were confirmed using IDH1-R132H-expressing U87MG cells. The reduced generation of NADPH may account for the altered radiosensitivity ([@b15-ol-0-0-11148],[@b16-ol-0-0-11148]). The capacity for DSB repair determines the cellular response to IR exposure and participates in malignant transformation of tumors ([@b35-ol-0-0-11148]). Contradictory results have been reported on the influence of IDH1 mutation on homologous recombination ([@b36-ol-0-0-11148],[@b37-ol-0-0-11148]). The effects of IDH1 mutation on DSB repair appear to be dependent on genetic context, such as loss of function mutations of TP53 and X-linked helicase II ([@b38-ol-0-0-11148]).

TCGA data analysis in the present study demonstrated that TIGAR expression was significantly decreased in samples with IDH1-R132H, which is the dominant type of IDH1 codon 132 mutation, compared with those with IDH1-WT. Other mutations (R132G/S/C) also exhibited lower TIGAR expression compared with that in IDH1-WT. In addition, the suppressive effects of IDH1-R132H on TIGAR expression were confirmed in U87MG cells. These results suggested that IDH1-R132H may counteract glioma cell radioresistance by reducing TIGAR expression. TIGAR increases the entry of glucose 6-phosphate into the PPP to generate NADPH, which is necessary to maintain normal levels of reduced glutathione, the major cellular ROS scavenger; hence, TIGAR knockdown may result in radiosensitization of glioma cells ([@b18-ol-0-0-11148],[@b19-ol-0-0-11148],[@b39-ol-0-0-11148]). A previous study has demonstrated that IDH1-R132H leads to a metabolic shift toward glycolysis in U87MG cells ([@b21-ol-0-0-11148]). Therefore, it may be speculated that IDH1-R132H-reduced TIGAR expression may inhibit the PPP and promote glycolysis, serving as a potential initiator of metabolic reprogramming. The irreversible oxidative steps catalyzed by glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in the PPP, together with the oxidation of isocitrate catalyzed by IDH1, are the major sources of NADPH ([@b40-ol-0-0-11148],[@b41-ol-0-0-11148]). Therefore, the IDH1-R132H mutation and TIGAR downregulation may act synergistically to reduce NADPH production and attenuate cellular defense against oxidative stress. Following exposure to IR, the inability of NADPH-deficient cells to eliminate ROS formed during water radiolysis makes them vulnerable to IR-induced cytotoxicity.

Numerous reports have confirmed the association between 2-HG, the product of IDH1-R132H, and epigenetic dysfunction. Increased levels of 2-HG competitively suppress α-KG-dependent dioxygenases, including lysine demethylases and the members of the ten-eleven translocation family, which results in transcriptional silencing of tumor-suppressor genes via histone and DNA hypermethylation, therefore suggesting one mechanism by which elevated 2-HG levels exert their oncogenic effects ([@b4-ol-0-0-11148],[@b5-ol-0-0-11148],[@b42-ol-0-0-11148]--[@b44-ol-0-0-11148]). In hematopoietic stem cells, increased H3K9me3 markers have been identified in the promoter of the ataxia telangiectasia mutated gene, which encodes an essential sensor kinase for DSB repair ([@b45-ol-0-0-11148]). Similarly, the present study demonstrated higher levels of H3K9me3 markers at the TIGAR promoter in U87MG cells with IDH1-R132H compared with IDH1-WT, which indicated a condensed chromatin state and transcriptional inactivation of TIGAR.

Glioma stem cells are radioresistant, and glioma recurrence after radiotherapy originates from these cells. To monitor the role of IDH1-R132H in glioma stem cells, an enriched population of U87MG-GSCs was successfully obtained, which was confirmed by the expression of nestin and reduced expression of GFAP. U87MG-GSCs expressing IDH1-R132H exhibited similar clonogenic ability following X-ray irradiation to that of IDH1-WT-expressing U87MG-GSCs. In addition, IDH1-R132H did not inhibit TIGAR expression in U87MG-GSCs. Little is currently known about the functions of IDH1 mutations in glioma stem cells; these preliminary data indicate that the radiosensitivity of U87MG-GSCs may be unaffected by IDH1-R132H, although further studies are required to define the exact functional relationship between IDH1-R132H and glioma stem cells.

In conclusion, the results of the present study provide a novel mechanism by which IDH1-R132H exerts radiosensitizing effects on glioma cells. Specifically, IDH1-R132H epigenetically lowers the expression of TIGAR, which is a crucial controller of intracellular redox homeostasis; therefore, glioma cells with IDH1-R132H fail to eliminate the IR-induced ROS. Although radiotherapy is the major form of therapy administered post-surgery to patients with glioma, glioma cells remain highly refractory to IR. The results of the present study may provide new insights into the radiosensitizing effects of IDH1-R132H in glioma cells.
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![Effects of IDH1-R132H on U87MG cell and U87MG-GSC radiosensitivity. (A) Expression of IDH1-R132H in U87MG cells transfected with the pCMV--IDH1-R132H plasmid was examined by western blot analysis. (B) The radiosensitivity of U87MG cells expressing IDH1-R132H was evaluated by clonogenic assay. (C) The differentiation marker GFAP and stem cell marker nestin were visualized in U87MG cells and U87MG-GSCs by immunofluorescence. (D) IDH1-R132H expression in U87MG-GSCs following transfection with the pCMV--IDH1-R132H plasmid. (E) Clonogenic assay of U87MG-GSCs transfected with an empty vector or the pCMV--IDH1-R132H plasmid. \*\*P\<0.01 vs. empty vector-transfected cells. IDH1, isocitrate dehydrogenase 1; GSC, glioma stem-like cell; WT, wild-type; GFAP, glial fibrillary acidic protein.](ol-19-02-1322-g00){#f1-ol-0-0-11148}

![IDH1-R132H delays IR-induced DSB repair in U87MG cells. Immunostaining of γ-H2AX foci of (A) U87MG cells and (B) U87MG-GSCs. IDH1, isocitrate dehydrogenase 1; GSC, glioma stem-like cell; WT, wild-type; GFAP, glial fibrillary acidic protein.](ol-19-02-1322-g01){#f2-ol-0-0-11148}

![TCGA data analysis. TIGAR expression in two datasets of IDH1 mutations and TIGAR expression in patients with glioma with wild-type IDH1, IDH1-R132H and IDH2-R132G/S/C were compared. \*\*P\<0.01 vs. wild-type. IDH1, isocitrate dehydrogenase 1; R132H, patients with the IDH1-R132H mutation; TCGA, The Cancer Genome Atlas; TIGAR, TP53-induced glycolysis and apoptosis regulator; RSEM, RNA-Seq by Expectation Maximization.](ol-19-02-1322-g02){#f3-ol-0-0-11148}

![IDH1-R132H epigenetically decreases TIGAR expression. (A) TIGAR expression was reduced in IDH1-R132H-expressing U87MG cells, but not in U87MG-GSCs. \*P\<0.05 vs. empty vector-transfected group. (B) The effects of IDH1-R132H inhibitor AGI-5198 on the expression of TIGAR and H3K9me3. \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. pCMV--IDH1-R132H-transfected group. (C) Chromatin immunoprecipitation assay demonstrated the interaction between H3K9me3 and the TIGAR promoter. \*P\<0.05 vs. empty vector-transfected group. IDH1, isocitrate dehydrogenase 1; WT, wild-type; TCGA, The Cancer Genome Atlas; TIGAR, TP53-induced glycolysis and apoptosis regulator; GSC, glioma stem-like cells; IgG, immunoglobulin G; H3K9me3, histone H3 lysine 9 trimethylation.](ol-19-02-1322-g03){#f4-ol-0-0-11148}
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